Aims/hypothesis We investigated whether objectively measured sedentary time and interruptions in sedentary time are associated with metabolic factors in people with type 2 diabetes. Methods We studied 528 adults (30-80 years) with newly diagnosed type 2 diabetes, who were participants in a diet and physical activity intervention. Waist circumference (WC), fasting HDL-cholesterol, insulin and glucose levels, HOMA of insulin resistance (HOMA-IR) and physical activity (accelerometer) were measured at baseline and at 6 months follow-up. Linear regression models were used to investigate cross-sectional and longitudinal associations of accelerometer-derived sedentary time and breaks in sedentary time (BST) with metabolic variables. 
Introduction
Physical activity is considered to be central to the prevention and management of type 2 diabetes because of its potential to improve glycaemic control, lipid profile and blood pressure, and (in combination with dietary change) to aid weight loss and maintenance [1] . In the general population, exercise reduces the risk of developing diabetes by 33% to 50%; and, indeed, several major trials have shown that lifestyle changes focusing on improved diet and increased physical activity are able to delay or possibly prevent the development of type 2 diabetes in participants with impaired glucose tolerance [1, 2] . In people who have type 2 diabetes, meta-analyses have shown that structured aerobic exercise, resistance training and both in combination reduce HbA 1c by approximately 0.7% (−15.8 mmol/mol) [3, 4] . The effect of physical activity advice (in contrast to structured training) is less clear, but recent studies have suggested that physical activity advice in the absence of dietary intervention may be insufficient to substantially lower HbA 1c [4] [5] [6] .
Despite the potential health benefits, people with diabetes generally record low levels of physical activity and fewer meet physical activity recommendations (aerobic exercise of at least moderate intensity on five or more weekdays,) than in the general population [1, [7] [8] [9] . In the 2003 Behavioural Risk Factor Surveillance Survey only 23% to 37% of people with diabetes met activity guidelines [7] and participants in the Look AHEAD Study recorded less than one bout of moderate to vigorous physical activity (MVPA) per day [8] . These relatively low levels of physical activity and the apparent difficulty of increasing and maintaining higher physical activity in people with diabetes suggest that alternative lifestyle strategies for improving metabolic health may be required.
Recent interest has focussed on the potential role of sedentary behaviour in the development of chronic disease [10, 11] . People spend a large proportion of their day in sedentary pursuits such as using a computer, watching TV or sitting in a car. Data from the 2003-2004 National Health and Nutrition Examination Survey (NHANES) found that participants spent 7.7 h per day (54.9% of waking time) in sedentary behaviours, with sedentary time increasing by about 2 h per day between the ages of 30 to 39 and 70 to 85 years [12] . Evidence is accumulating that the cellular and molecular responses to inactivity are different from the beneficial responses to physical activity, and that sedentary behaviour may be an important factor in determining metabolic health independently of levels of physical activity [10, 11, 13] . Recent observational studies have described a substantial health risk associated with sedentary behaviours. Time spent watching TV or using a computer has been associated with greater clustered metabolic risk [14] and increased risk of cardiovascular disease, type 2 diabetes, and all-cause and CVD death [15] [16] [17] ; moreover, in longitudinal studies a dose-response relationship has been described between sitting time and all-cause and CVD mortality rates [18] .
In contrast to relatively imprecise self-report of sedentary behaviours such as sitting or TV watching, accelerometers are increasingly being used to provide an objective measurement of time spent doing sedentary activities. A recent analysis of data from the 2003/2004 and 2005/2006 NHANES surveys showed that higher levels of objectively measured sedentary time is associated with greater waist circumference (WC), elevated C-reactive protein, triacylglycerol and insulin levels, insulin resistance and lower HDLcholesterol independently of potential confounders including MVPA [19] . Indeed, similar findings have been reported from other studies in the UK and Australia [20, 21] . However, these associations are not consistently reported, with other studies finding no relationship between objectively measured sedentary time and insulin resistance or 2 h glucose [22, 23] . Emerging evidence suggests that not only the volume of sedentary time, but also the pattern of sedentary time may be independently associated with health outcomes. The frequency with which sedentary time is interrupted by non-sedentary behaviour (breaks) has been associated with lower WC, BMI, 2 h plasma glucose and C-reactive protein levels [19, 24] .
There is a growing consensus that sedentary behaviour represents a unique aspect of human behaviour and is not synonymous with the absence of physical activity [13] . To date, no studies have investigated the association between sedentary time and metabolic outcomes in people with type 2 diabetes. Given the low levels of physical activity in people with type 2 diabetes, targeting reductions in sedentary behaviour could be an alternative approach to disease management. However, before such interventions are developed, it is important to clarify the association between sedentary time and metabolic outcomes in people with type 2 diabetes. The aim of the present study was therefore to investigate the association between sedentary time, breaks in sedentary time (BST) and selected metabolic factors in a population of people with newly diagnosed type 2 diabetes.
Methods
Participants This was a secondary analysis of data from participants in Early Activity in Diabetes (Early-ACTID), a randomised controlled trial of diet and physical activity early in the management of type 2 diabetes [5] [5] .
Measures Measures were taken at baseline (5 to 8 months after a clinical diagnosis of type 2 diabetes) and repeated 6 and 12 months later. Baseline and 6 month data were used in the current analysis, since outcomes at 6 months were defined as the primary endpoint of the study [5] . Fasted blood samples were taken for the measurement of HDLcholesterol, glucose and insulin levels, and HOMA of insulin resistance (HOMA-IR) was calculated using the HOMA-2 computer model [25] . Weight was measured on a digital scale with participants wearing light indoor clothes without shoes, height was measured to the nearest centimetre with shoes off using a freestanding height measure (Seca 220; Hamburg, Germany) and WC was measured at the midpoint between the lowest rib and anterior iliac. Physical activity was measured for 7 days using an accelerometer (GT1M; ActiGraph LLC, Pensacola, FL, USA) worn on a belt around the waist, except when swimming, bathing and sleeping. Smoking habits and family history of diabetes were assessed by a research nurse. The UK Index of Multiple Deprivation (IMD) 2007 score based on full home post-code was used as an indicator of socioeconomic status [26] .
Accelerometer data reduction Accelerometers were set to record data every minute. Raw accelerometer files were processed using KineSoft (version 3.3.62; KineSoft, Saskatoon, SK, Canada). A valid day was defined as recording at least 10 h of measurement, excluding periods of ≥20 min with continuous zero values (considered to be non-wear time). Total physical activity was computed as the mean accelerometer cpm over the full period of valid recording. The average number of min of MVPA and sedentary time per valid day were computed using thresholds of ≥1,952 and <100 cpm respectively for comparison with other studies [19, 24] . Each minute where ≥100 counts were recorded immediately following ≥1 min <100 counts was defined as a BST. For inclusion in analyses, participants were required to record at least three valid days of accelerometer data.
Statistical analysis Data were treated as a cohort and not analysed by trial arm since the intervention used in the Early-ACTID Study was not designed to influence sedentary behaviour. Descriptive characteristics are summarised as mean and SD, unless otherwise stated. Analysis of variance was used to investigate sex differences in demographic and physical activity variables, and paired samples t tests were used to describe differences in mean values of continuous variables between baseline and 6 months. Linear regression models were first used to investigate the crosssectional associations of sedentary time and BST with metabolic variables at baseline and 6 months. Bivariate correlations between MVPA, sedentary time and BST at baseline were low (MVPA vs sedentary time, R0−0.20; MVPA vs BST, R0−0.06; sedentary time vs BST, R00.13) and were all therefore entered into each model. Models were run for each metabolic variable in turn as the outcome, and with the physical activity variable (sedentary time or BST) under investigation as the exposure. All models were adjusted for age, sex, current smoking (yes/no), family history of diabetes, deprivation score, relevant lipid-lowering or diabetes medication (each dichotomised as medication yes/no), and the remaining physical activity variable (model 1). Next, models were additionally adjusted for WC (model 2). All models were run with and without MVPA to test whether associations were independent of MVPA. Subsequently linear regression was used to investigate whether baseline sedentary time or BST, or change in sedentary time or BST between baseline and 6 months predicted the values of metabolic variables at follow-up. Models were adjusted as before, but also including baseline values of the metabolic variable under investigation. Finally, to explore the direction of association, models were run with sedentary time and BST at 6 months respectively as the outcome, and with baseline WC as the exposure, adjusted for sex, family history of diabetes, deprivation score and baseline values for age, smoking, MVPA, sedentary time and BST.
Results
A total of 593 patients met the Early-ACTID Study criteria. The accelerometer inclusion criteria were met by 528 (89.0%) participants at baseline, with 36.9% recording seven valid days of data, 28.8% 6 days, 15.9% 5 days, 11.0% 4 days and 7.4% 3 days. At 6 months, 411 (69.3%) participants met the accelerometer criteria, with 380 (64.1%) providing valid data at baseline and 6 months. Demographic, metabolic and physical activity characteristics of the baseline sample (n0 528) are shown in Table 1 . Participants were predominantly white and from areas of higher deprivation, with a majority (51.8%) being obese. Participants spent 61.5% of the recorded time in sedentary positions and only 3.2% of recorded time in MVPA. Sedentary time was interrupted on average 84 times per day. Men were more physically active than women, recording higher total physical activity and MVPA, but sedentary time did not differ between the sexes. Women recorded more interruptions of sedentary time than men, but when adjusted for volume of sedentary time, breaks per hour were higher in men.
There were no differences in key demographics (age, BMI, WC), in metabolic variables (HDL-cholesterol, insulin, HOMA-IR) or physical activity (cpm, MVPA, sedentary time) between participants included and those not included in the longitudinal sample. Participants in the longitudinal sample recorded slightly more BST than those excluded (85.2±14.4 versus 82.5±13.8 interruptions per day, p00.051).
The results of cross-sectional linear regression analyses with sedentary predictor variables in the full baseline sample (n0528) are shown in Table 2 Changes in metabolic outcomes, physical activity and sedentary variables between baseline and 6 months are shown in Table 3 . Mean WC, insulin levels and HOMA-IR values were lower at 6 months than baseline, whereas HDLcholesterol was higher, although 95% CIs just included the null values. Physical activity was higher at 6 months than baseline, with MVPA increasing from 3.2% to 9.4% of recorded time. However, there was no change in sedentary time, with participants spending 61.7% of their time in sedentary positions at both time points. Similarly, although BST declined between baseline and 6 months, the number of interruptions per h of sedentary time was unchanged.
In the smaller longitudinal sample, cross-sectional associations at baseline were similar to those in the main sample (Table 4) . At 6 month follow-up, sedentary time was less strongly associated with WC than at baseline, while associations with HDL-cholesterol were similar. Cross-sectional associations between sedentary time and both insulin levels and HOMA-IR were weaker at 6 months than at baseline, with 95% CIs including zero. In contrast, BST were more strongly associated with WC at 6 months than at baseline.
The results of longitudinal regression analyses with sedentary predictors are shown in Table 5 . Volume of sedentary time at baseline predicted HDL-cholesterol and insulin levels, and HOMA-IR at 6 months, but not WC. Baseline BST did not substantially predict any metabolic variables at follow-up. When models were run with sedentary time and BST at 6 months as the outcome variables and baseline WC as the exposure, there was very little association between WC and sedentary time (B00.09 [−0.50, 0.67]; p00.773), but WC was predictive of BST (B0−0.14 [−0.24, −0.03]; p00.011), with people with higher baseline WC having fewer BST at 6 months. All associations of change in sedentary time and BST with metabolic variables were weak and 95% CIs included zero (Table 5) , possibly due to negligible change in the sedentary variables over this period.
Models were also run to explore the longitudinal associations between MVPA and metabolic outcomes. Baseline MVPA did not predict the level of any metabolic variable at 6 months, while change in MVPA was weakly associated 
Discussion
This study investigated the cross-sectional and longitudinal associations of objectively measured sedentary time and BST with metabolic variables in a sample of people with newly diagnosed type 2 diabetes. In cross-sectional analyses we found that higher sedentary time was consistently associated with a larger WC and lower HDL-cholesterol, and more weakly associated with higher insulin and HOMA-IR values. In longitudinal analyses the amount of sedentary time at baseline was not associated with WC, but was predictive of HDL-cholesterol and insulin levels, and of HOMA-IR at 6 months. Associations between interruptions of sedentary time and metabolic outcomes were substantially weaker than with sedentary time. More BST were associated with lower WC cross-sectionally, and there was evidence of a linear association between BST and HDL-cholesterol, with more breaks being associated with higher HDL-cholesterol. There was no consistent evidence of association between BST and both insulin or HOMA-IR in cross-sectional models, and BST did not substantially predict any metabolic variables in longitudinal analyses. However, baseline WC was predictive of BST at 6 months. All associations were independent of levels of MVPA. Associations between change in sedentary time or BST and all outcomes were extremely weak. Table 4 Cross-sectional linear regression analysis at baseline and 6 months of association of sedentary time and BST with metabolic variables in the longitudinal sample Participants in the present study had similar levels of physical activity [19, 24, 27] and number of BST [19, 24] to healthy participants in other studies at baseline, despite being older, and having higher BMI and WC, as well as a diagnosis of diabetes. Activity, however, was higher than in a recent study of obese adults [23] . The cross-sectional associations of sedentary time and BST with WC were similar to those reported in other studies [21, 24] . The difference of approximately 6 cm in WC between patients in the high and low quartiles of sedentary time in this study was greater than reported in white participants in NHANES (<4 cm) [19] , whereas differences in WC between those in the highest and lowest quartiles of BST (1.9 cm) was lower than in the white participants in NHANES (3.7 cm) and in the Australian Diabetes, Obesity and Lifestyle Study (AusDiab) (5.9 cm) [19, 24] . The association between sedentary time and HDL-cholesterol was larger in this study than in the NHANES population, with differences between the highest and lowest quartiles being almost twice those of the NHANES population, despite the fact that patients with diabetes have lower overall levels of HDL-cholesterol. Inclusion of WC in the models slightly attenuated the association between HDL-cholesterol and sedentary time, but it remained substantial. We found little association between BST and HDL-cholesterol in regression models; this finding was similar to those of the AusDiab Study, where no association was reported [24] , although in the current study there was a trend for higher levels of breaks (>84 per day) to be associated with higher HDL-cholesterol. Sedentary time was associated with higher insulin levels and HOMA-IR, with patients in the highest quartile of sedentary time having approximately 25% greater insulin and HOMA-IR values. No association was found between BST and these variables. Although these data are in contrast to several other studies [22, 23, 27] where no association with HOMA-IR was reported, they are broadly consistent with results from the white participants in NHANES [19] . Few other studies have looked at insulin levels to help clarify these observations. An association between sedentary time and 2 h plasma glucose has been reported [28] , but in contrast to results from healthy adults, no association was found between sedentary time and insulin resistance in adults with a family history of diabetes [22] .
To our knowledge, this is the first study to investigate the longitudinal associations of sedentary time and BST with metabolic outcomes in people with type 2 diabetes. While cross-sectional analyses suggested that a 60 min reduction in sedentary time was associated with an approximately 2 cm smaller WC, the amount of sedentary time at baseline was not predictive of WC at 6 months. The reason for this is unclear, but may result from the diet and physical activity intervention that participants were engaged in and in which WC was reduced and physical activity increased at 6 months. In contrast, the amount of sedentary time at baseline predicted HDL-cholesterol, insulin levels and HOMA-IR at follow-up to a similar magnitude to that seen in the cross-sectional analyses. The number of BST was weakly associated with metabolic outcomes. While each additional BST was associated with an approximately 0.1 cm smaller WC in cross-sectional analyses, there was no association between BST and HDL-cholesterol, insulin or HOMA-IR in cross-sectional or longitudinal analyses. Despite a successful intervention that produced a net increase in physical activity in this sample, there was no concomitant decrease in sedentary time, limiting our ability to investigate whether changes in these behaviours were predictive of changes in the metabolic outcomes.
The present study included a relatively large sample of people with type 2 diabetes who had been recruited to take part in a 52 week, multi-centre parallel-group randomised controlled trial (Early-ACTID) [5] . Patients were randomly assigned to usual care (initial dietary consultation and follow-up every 6 months; control group), or an intensive diet intervention (dietary consultation every 3 months with monthly nurse support) alone or combined with physical activity consultation in a 2:5:5 ratio. Participants in the diet plus exercise arm of the trial received an intervention programme aiming to achieve at least 30 min of brisk walking on at least 5 days per week in addition to current levels of physical activity, with pedometers used to motivate higher physical activity. The intervention increased MVPA by approximately 10 min per day and a reduction in WC was seen in both intervention arms [5] . Despite these changes, mean values of sedentary time and the number of BST were unchanged at 6 month follow-up. Thus it appears that to fully explore longitudinal associations between changes in sedentary time or BST and metabolic outcomes, interventions are required that specifically aim to reduce the amount of time spent sitting and to break up prolonged sedentary time. However, to date there is a lack of evidence of the implementation or effectiveness of such interventions [29] .
Nonetheless, these preliminary results suggest that targeting sedentary behaviours, and in particular reducing time spent in sedentary positions, may improve health in people with type 2 diabetes. The findings from the present study may inform lifestyle approaches geared to improving health in people with diabetes, since although HDL-cholesterol may be increased by endurance exercise, there is evidence that these improvements occur only when threshold intensities or duration of exercise are achieved [30] . Such levels may not be feasible for people with diabetes. In common with Early-ACTID, most lifestyle intervention studies in people with impaired glucose tolerance have aimed to achieve 150 min per week of MVPA [31] . However, in interventions where change in physical activity has been reported, participants in the exercise arm increased by substantially less than this, with activity totalling between 60 and 70 min per week [32] [33] [34] [35] . Thus it may be unrealistic to expect substantial increases in physical activity in people at risk of or with type 2 diabetes, particularly when it comes to reaching the levels suggested to confer improvements in metabolic outcomes [31] . Targeting sedentary behaviour may help increase HDL-cholesterol independently of levels of physical activity, although the physiological mechanisms remain to be clarified [11, 36] .
There are some limitations to the present study. Participants had volunteered to take part in a physical activity and diet intervention study, and may therefore have been more motivated to make changes between the point of diagnosis and measurements, thus not being representative of the general population of patients with newly diagnosed diabetes. It is also likely that many also made substantial lifestyle changes that attenuated the associations studied. Finally, the cross-sectional analyses cannot explore the direction of causation between both sedentary time and BST, and WC. Our preliminary analyses did not find any longitudinal association between WC and sedentary time, and suggest that WC is predictive of BST rather than the other way round. Further intervention studies and longitudinal mediation analyses are required to investigate the direction of association of these variables and the potential mediating role of WC in these associations with metabolic outcomes.
Our data suggest that in overweight/obese people with newly diagnosed type 2 diabetes, interventions to reduce sedentary time and to interrupt sedentary time more frequently should be explored as potential ways to improve metabolic variables, particularly HDL-cholesterol. The development of such interventions could be driven by the incorporation of recommendations for sedentary behaviour into national guidelines.
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